Abstract-The visual quality image output of JPEG compression is determined by quantization process. The popular quality factor in the extended JPEG image compression has been widely used to scale up the quantization tables. The scaling quantization table using quality factor is used to determine the quality image output. The scaling up on the quantization tables increases their values uniformly thus produces higher compression performance. However, the effects of the scaling up on the human visual system have not been taken into consideration. This paper examines the quantization table design based on adaptive psychovisual threshold and numerical analysis of the compression performance in terms of quality image reconstruction and average bit length of Huffman code. The comparison between extended JPEG image compression using the typical quality factor and quality scale of psychovisual threshold has been done. The experimental results of adaptive quantization tables based on psychovisual threshold show an improvement on the quality of image reconstruction at the lower average bit length of Huffman's code.
I. INTRODUCTION
A digital image camera captures, compresses and stores images in real time [1] [2] . A true colour raw image consumes high computing process and large storage space [3] . The JPEG image compression is a popular standard used in digital cameras [4] . It performs relatively well utilizing low computation and memory storage. The compression rate is mainly determined by the quantization tables and entropy coding. The quantization process is a main part of image compression to control visual quality and the bit rate of the image output.
Recently, the popular extended JPEG has allowed a user to choose output preferences according to the quality factor QF to scale the quantization tables. The quality scaling factor on a quantization table has been popularly implemented especially on image compression [5] [6] . A scaling factor on JPEG quantization tables is intended for low, medium or high bit rate compression. An image compression engine typically will use the quality factor to scale quantization tables, which may not be optimal to the output image quality [7] . In order to achieve high-quality image compression at a low bit rate, the quantization table may need to be designed based on human visual system properties.
The sensitivity of the human eye can be fully explored and investigated via qualitative experiments. However, it is too expensive and costly to conduct such qualitative experiments. Several approaches have been conducted to investigate the psychovisual models such as human visual weighting [8] and psychovisual model based on preserving downsampling and upsampling [9] . In general, a psychovisual model has been designed based on the understanding of brain theory and neuroscience [10] . This paper will explore on the concept of adaptive psychovisual threshold to provide custom quantization tables on JPEG image compression. The concept of the psychovisual error threshold can be obtained from quantitative experiments by evaluating the just noticeable difference of the compressed image from the original image at various frequency orders [11] [12] .
The Discrete Cosine Transform (DCT) is an element transformation method used in standard JPEG compression. DCT has been widely used in information hiding [13] , video watermarking [14] [15] , image watermarking [16] and image compression [17] - [19] . This experiment investigates the effect of incrementing DCT coefficients one at a time to the image reconstruction. This paper will investigate the contribution of each DCT coefficient to the image reconstruction.
The organization of this paper is as follows. The next section provides a brief description of the discrete cosine transform. Section III presents the experimental design on generating an adaptive psychovisual threshold. The experimental results of adaptive psychovisual thresholds in image compression are presented in Section IV. The experimental results of the JPEG image compression using quality factors and the newly proposed quantization table based on an adaptive psychovisual threshold are given in Section V. Lastly section VI concludes this paper.
II. DISCRETE COSINE TRANSFORM
The two-dimensional DCT [20] has been widely used in image processing applications. In addition, DCT polynomial set C n (x) of size N=8 can be generated iteratively as follows:
for x = 0, 1, 2, …, N-1. The first four one-dimensional DCT is shown in Figure 1 .
The kernel for the DCT is derived from the following definition of g [21] : 
III. AN EXPERIMENTAL DESIGN
A quantization table limits the sensitivity and focus capabilities of the human visual system on the image information. The irrelevant image information is removed by the quantization table during the quantization process of JPEG image compression. JPEG quantization step largely determines the rate distortion in a JPEG image compression [22] . Most of the time, the quantization process will remove the high-frequency signals and discard information which is not visually significant. A human visual system is more sensitive to the lowfrequency signals than to the high-frequency signals. The JPEG quantization tables (5) have been known to offer satisfactory performance, on the average over a wide variety of applications and viewing conditions. The threedimensional visualization of JPEG quantization for luminance and chrominance is shown in Figure 2 and Figure 3 . The JPEG quantization tables on luminance Q CL and Q CR chrominance are provided as follows: Figure 1 . One-Dimensional Discrete Cosine Transform of set C n (x) for n = 0, 1, 2, 3. 
These tables were obtained from a series of psychovisual experiments, which determined the visibility thresholds for the DCT basis functions on a 760×576 images and at a viewing distance equal to six times the screen width [23] . In 1984, Lohscheller claimed that these values were supposed to be at the threshold of visibility [24] . The JPEG quantization tables have indeed been widely accepted and over the decades have become the default quantization tables on the standard JPEG image compression. However, these standard tables have not considered the contributions of the DCT coefficients on the image reconstruction. This quantization process indirectly reduces the accuracy of DCT coefficients in an integer representation [25] . These quantization values are to limit the variation of the coefficient transform. They are supposedly coming from a psychovisual error threshold.
The extended JPEG compression introduces a simple and efficient method to produce quality compression levels known as a quality factor QF. The QF is the quality reference number which ranges from 1 to 100 [26] . The QF is then used to scale the quantization tables by a weighting factor w as follows:
where QF <50 yields high compression rate, whereas the QF >50 produces the higher-quality output image possible. Typically, the quality factors 25, 50 and 75 are set to obtain the output images with low, medium and high qualities respectively. The quantization steps are defined by rounding to the nearest integer:
Dequantization is the inverse function by multiplying the coefficient in each block using the same quantization matrix Q pq [27] . The dequantization is defined as follows:
The setting on achieving high compression performance is through the generation of a lower average bit of Huffman's code at the expense of lower image reconstruction quality which may produce artifacts on the output image. Some distortion will clearly appear in the reconstruction image such as blocking artifact, ringing artifact and blurring [28] . Blocking artifact arise at high compression ratios and very low quality factors. In order to reduce the artifacts on the output image and get highquality image reconstruction, it is desirable to consider the characteristics of the human visual system.
The principle of psychoacoustic model on audibility threshold is adopted here to measure the psychovisual threshold of the images. The threshold indicates the physical value of a stimulus at a predetermined level of performance [29] . Psychophysics is an approach to measure limited sensitivity and sensation to the physical characteristics of a stimulus.
This paper investigates a quantitative experimental impact on image compression based on the concept of psychovisual threshold. The 80 images (24-bit RGB with 512×512 pixels) are chosen for this quantitative experiment. The 80 images are classified into two categories, which are 40 real image and 40 graphic images. First, the RGB color components are converted into luminance (Y) and chrominance (Cb and Cr). YCbCr can be computed directly from 8 bits RGB as follows: 
The inverse transformation from YCbCr to RGB is given as follows: 
Next, the images are divided into the 8×8 size blocks and each block of the image data is transformed by a 2-dimensional DCT. In this research, the JPEG quantization tables are used as a reference for the domain contribution of DCT coefficients. This quantitative experiment investigates the contribution of DCT coefficients to the output images. The resulting DCT coefficients are incremented one at a time up to a maximum quantization table value of each frequency order. The DCT coefficients are incremented concurrently for each frequency order. The effects of an increment on DCT coefficients are measured by the image reconstruction error. The error threshold from the image reconstruction will be the primitive to the psychovisual threshold proposed in this paper.
IV. EXPERIMENTAL RESULTS
An adaptive psychovisual threshold on generating quantization tables is investigated for a high bit rate compression. In order to optimize an adaptive JPEG performance at high-rate compression, the new quantization tables are redesigned based on human visual systems by optimizing the visual quality of the reconstructed image at a given bit rate.
The average full error score on 40 real colour images is computed for each frequency order on every 8×8 block image. The effect of incremented DCT coefficient as the just noticeable difference of the compressed image from the original image is calculated by image reconstruction error. The average reconstruction error of an increment between minimum and maximum values of the quantization table from given order zero to the order fourteen has been visualized as a curve. The green curve represents image reconstruction error based on the minimum values from the quantization table while the blue curve represents the image reconstruction error based on the maximum quantization value for each frequency order. The average error reconstruction score of incrementing DCT coefficients on luminance and chrominance for 40 real images are shown in Figure 4 and Figure 5 . In order to produce a psychovisual threshold, the new average target on reconstruction error is set as a smooth transition curve which results in an ideal curve of average reconstruction error as presented by a red curve. This curve can then be used to produce a new quantization table. The smooth curve of reconstruction error is interpolated by a polynomial that represents the psychovisual error threshold of the image.
This model represents the visual sensitivity of DCT basis function. This psychovisual model considers on the human eye which is more sensitive to low order image than to constant image patterns. The sensitivity represents the threshold of the human visual system at low order signals. The new smooth reconstruction error curves represent psychovisual thresholds for luminance f VL and chrominance f VR which are defined as follows: In order to generate adaptive quantization tables, these functions are weighted according to target quality factors. The authors propose the following functions which will be used to generate the adaptive quantization tables. where α is a scale factor SF for psychovisual error threshold and x is the frequency order from 0, 1, ..., 14. The new scale factors SF for psychovisual threshold ranges from -25 until 25. The larger scale factor SF produces the higher compression ratio. These functions f VLA and f VRA are depicted in Figure 6 and Figure 7 with scale factor SF= -25, 0 and 25 respectively for luminance and chrominance.
From an adaptive psychovisual error threshold of the image reconstruction error, the new quantization values on each frequency order shall be generated. According to (13) - (14), these functions f VLA and f VRA can be used to generate the new quantization tables according to scale factors -25, 0 and 25 as follows: 22  52  64  67  59  46  33  24   52  64  67  59  46  33  24  13   64  67  59  46  33  24  13  7   67  59  46  33  24  13  7  3   59  46  33  24  13  7  3  3   46  33  24  13  7  3  3  5   33  24  13  7  3  3  5  10   24  13  7  3  3  5  10  16 1 159  170  171  167  147  120  96  87   170  171  167  147  120  96  87  61   171  167  147  120  96  87  61  49   167  147  120  96  87  61  49  35   147  120  96  87  61  49  35  27   120  96  87  61  49  35  27  20   96  87  61  49  35  27  20  17   87  61  49  35  27  20  17 162  166  169  174  164  147  129  129   166  169  174  164  147  129  129  102   169  174  164  147  129  129  102  90   174  164  147  129  129  102  90  69   164  147  129  129  102  90  69  54   147  129  129  102  90  69  54  38   129  129  102  90  69  54  38  28   129  102  90  69  54  38  28  18 3 VRA Q (17) An increase on quantization value to be a higher quantization value will produce a higher bit rate on the compressed image. However, the side effect such as ringing and blocking may appear in the visual image output. On the other hand, lower quantization value provides lower bit rate compressed image which produces closer image to the original image. According to human visual system characteristics, the low-frequency order of custom quantization table design should not be changed. A slight change in quantization values on the lowfrequency order design means will cause serious distortion which can be perceived by human visual systems. The visual perceptual quality is most sensitive at low order frequency signals.
These new quantization tables will be applied in JPEG image compression to measure the performance of the proposed custom quantization tables based on the concept of psychovisual threshold. The performances of image compression using psychovisual threshold are measured by the qualities of reconstructed images and the average bit length of Huffman code.
V. ADAPTIVE IMAGE COMPRESSION SCHEME
According to JPEG compression, the input image is grouped 8×8 pixels blocks and each block is independently transformed using 2-dimensional DCT. The DCT coefficients are quantized by quantization tables. Next, the quantized DC coefficient is separated from the quantized AC coefficients. The quantized DC coefficient is encoded as the difference from the DC term of the previous block in the encoding order. For AC coefficient, the quantized AC coefficients are scanned by traversing in zig-zag pattern and converted into a linear array on each block image. The sequences of run length encoded linear array are converted to variable length Huffman codes.
Huffman coding is a coding technique to produce the shortest possible average code length of the source symbol set and the probability of occurrence of the symbols [30] . Using these probability values, a set of Huffman's code of the symbols can be generated by Huffman Tree. Next, the average bit length score is calculated to find the average bit length of DC and AC coefficients. The average bit length of Huffman's code based on quality factor QF and the proposed adaptive psychovisual threshold for DCT is shown in Table I,  Table II and Table III. To assess the quality of the image compression, the image reconstruction error shall be calculated by obtaining the differences of reconstructed compressed image g(i, j, k) from original image f (i, j, k). The image reconstruction error can be defined as follows:
The MSE calculates the average of the square of the error [31] which defined as follows: 
The next measurement is Peak Signal to Noise Ratio (PSNR). The PSNR is defined as follows [32] : 
Another measurement quality image is Structural Similarity index (SSIM), which is a method to measure the similarity between original image and compressed image. The SSIM is defined as follows:
where α > 0, β > 0, γ > 0, are parameters to adjust the relative importance of the three components. The detail description is given in [33] . The comparison of the quality of image reconstruction between adaptive JPEG compression and adaptive psychovisual threshold at the respective quality factor are given in Table IV , V and VI. In order to make a visual inspection on the effectiveness of the new quantization tables, the right eye of baboon image is zoomed 400% as projected on the right of Figure 8 . The experiment results of image compression based on the new quantization tables from adaptive psychovisual threshold are depicted on the right of Figure 9 , Figure 10 and Figure 11 . A visual quality of image reconstruction using a new quantization table based on psychovisual threshold gives better visual quality image output than the extended adaptive JPEG baseline coding but the image output is a little blurred.
The popular quality factor in the extended JPEG image compression has been widely used to scale up the quantization table value. The scaling on the quantization tables increases their values uniformly thus produces high compression performance. The uniform scaling up on quantization table by a certain quality factor on JPEG compression may have not considered their effects to the human visual system. While, the human visual system is more sensitive to changes on low frequency signals, which carry more significant visual information. The quantization table represents tolerance of the visibility of the human visual system. The scaling quantization tables supposed to be different between low-frequency coefficients and high-frequency coefficients.
The effect of incrementing DCT coefficient has been explored from this experiment. The error reconstructions from incremented DCT coefficients are concentrated more in the medium frequency of the image signals. The DC coefficient contains higher energy than AC coefficients. Recently, an experiment [34] has been done by taking only DC coefficient of 8×8 blocks making all AC coefficients zero. The DC coefficient represents important visual information of the image. The down scaling of the DC coefficient by large quantization table value can affect the significantly relevant information of the image.
An adaptive psychovisual threshold is designed for custom quantization table generation based on human eye characteristics. The newly proposed technique based on an adaptive psychovisual model intends to produce optimal quantization tables for high image compression. The image reconstruction using an adaptive quantization based on psychovisual threshold performs better than the uniform scaling quality factor from JPEG compression. Refer to Table I , II and III, the output's image compression from adaptive quantization tables based on psychovisual threshold produce a lower average bit length of Huffman's code. At the same time, they produce lower reconstruction error than using scaling quality factors on JPEG quantization tables as presented in Table  IV, Table V and Table VI. VI. CONCLUSION An adaptive JPEG compression using scaling factor for quantization has been a popular and heavily utilized in digital image compression. The scaling factor of quantization table allows an image to be compressed at a typically lower quality thus improving the compression rate. The quantization tables are produced from a series of psychovisual experiments to determine the visual sensitivity of the human eye. The effect of an increment DCT coefficient has been investigated to explore the human eye sensitivity to the image. An adaptive psychovisual error threshold has been proposed here as a mean to generate the new custom's quantization table. The performance of the proposed adaptive JPEG image compression based on psychovisual threshold and the extended JPEG image compression using the quantization scaling factor have been compared. The experimental results of the new quantization tables based on adaptive psychovisual threshold produce optimal quantization tables with higher-quality image reconstruction at lower average bit length of Huffman's code. 
